Abstract-We report measurements of switch-on dynamics, mode competition and frequency selection in a monolithic frequency-tuneable laser using coherent time-domain sampling of the laser emission. We observe hopping between lasing modes on picosecond-timescales and temporal evolution of transient multi-mode emission into steady-state single mode emission.
I. INTRODUCTION
Frequency tuneable semiconductor lasers form the backbone of modern communication systems. These lasers comprise of multiple cavity sections that are monolithically integrated on a single substrate and exploit the Vernier frequency selection rules for frequency tuning, without the need for external optics. The cavity sections are designed using burst or chirped gratings, or exploiting etalon effects in a Fabry-Pérot resonator to form two combs of longitudinal frequencies. The combs are carefully selected such that they are coincident at a single frequency. In such a laser, emission is selectively favoured at the coincident frequency due to a reduction in the mirror losses and lasing threshold [1] . Additionally, the emission frequency is tuned over a wide range of frequencies by applying a perturbation to the refractive index in one or more cavities.
Although single-mode emission and frequency tuning characteristics of diode lasers in the steady-state are well established, a study of the ultrafast switch-on, mode competition and frequency selection dynamics are technologically challenging due to the lack of ultrafast coherent detection techniques. Here we have exploited phaseresolved sampling of electric field emitted using terahertz frequency time domain spectroscopy [2] to study ultrafast switch-on dynamics in a frequency tuneable quantum cascade laser (QCL) [3] [ Fig. 1 ]. We have measured temporal evolution of transient multi-mode emission into a single-mode emission over picosecond and nanosecond timescales [4] . We also observe a systematic variation of the laser switch-on time as a function of Vernier alignment. The device operation was simulated using transfer matrices, reduced rate equations and a full Schrödinger-Poisson energy balance rate equation model [5] . The changes in laser stabilisation time, calculated from the model, are in agreement with the variations in the switch-on delay observed experimentally. Fig. 1 Schematic diagram of the experimental setup. A coupled-cavity terahertz QCL with an active laser section and a passive tuner section was used in the experiments. The active laser section was driven above threshold, whereas the tuner section was driven at sub-threshold currents and was used to tune the emission frequency of the coupled-cavity QCL. Femtosecond laser pulses were generated using a Ti:Sapphire laser that was split to form a pump and a probe beam. A fraction of this ultrashort pulse power was also used to trigger a radio frequency source to generate a train of gain switching pulses that were mixed with a quasi-dc source using a diplexer. The dc amplitude was maintained at just below the lasing threshold such that the QCL was driven above threshold by the radio frequency controlled gain-switching pulses. This arrangement allowed a synchronisation of the QCL switching-on with the femtosecond laser pulses. Another quasi-dc pulse generator was synchronised with the first dc source and was used to drive the tuning cavity. The pump beam was focused onto a photoconductive antenna to generate broadband terahertz pulses, which were injected into the QCL cavity to seed the emission. The terahertz field emitted from the facet of the tuning section was measured using an electro-optic crystal with the time-delayed probe beam. 
II. RESULTS
A 4.81-mm-long terahertz QCL with a bound-tocontinuum active region [6] was used in the experiments. Focussed ion beam milling was used to form a 3.43-mm-long tuning cavity and a 1.38-mm-long lasing cavity, which were separated by a 13-μm-wide air gap. Initially, the steady-state frequency tuning characteristics were measured using a Fourier transform infrared spectrometer as the current supplied to the tuning cavity was increased in the range 0-2 A and the laser cavity was driven at peak output power with quasi-dc amplitude 0.75 A. A mode-hop from 2.825 to 2.765 THz was observed at a tuning cavity current of ~1.65 A (not shown).
The temporal dynamics of the QCL emission were characterised using the injection seeding technique, initially with the tuning cavity switched off. A periodic modulation of the electric field amplitude, typical of multi-mode emission, was measured before a stable single-mode emission was established [ Fig. 2(a) ]. The measured electric field was analysed using fast Fourier transforms on a moving window to form a spectrogram [ Fig. 2(b) and (c) ]. Transient mode hops was observed within the first ~500 ps before a steady-state single mode was established after ~1 ns.
The QCL emission was also recorded while the current amplitude of the tuning cavity was increased from 0-2 A [Fig.  3 ]. The switch-on delay was observed to increase as the tuning current was increased in the range 0-1.6 A, corresponding to a progressive misalignment of the frequency combs and an increase in the effective mirror losses at 2.825 THz. However, the switch-on delay decreased after the mode-hop from 2.825 THz to 2.765 THz at tuning currents >1.6 A.
III. CONCLUSIONS
In this presentation, we will present this experimental data together with a mathematical model of the Vernier devices. We will also report the effect frequency tuning on stabilisation time in a QCL with finite defect sites. 
